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We report the clinical feasibility of fluoroscopic Roentgen stereophotogrammetric analysis (FRSA), a validated method to
quantify real time three-dimensional (3D) dynamic motion of stent grafts and the first clinical results after abdominal and
thoracic endovascular repair (EVAR). Stent graft motion was measured at 30 (stereo) frames per second, during the
cardiac cycle and in the patient after abdominal EVAR, due to respiratory action. Translational motions of the center of
mass, diameter change, and rotational and axial motion could be measured. Quantification of 3D motion was not
available until now. FRSA can provide crucial information on the forces exerted on stent grafts and will, therefore,
provide essential information for improvements in stent graft design. (J Vasc Surg 2009;50:407-12.)Stent graft failure after endovascular repair (EVAR) can
occur due to the repetitive strain of the cardiac and respi-
ratory cycle. Failure such as stent fractures, fabric perfora-
tion, and migration are a threat to patient safety.1-3 Stent
graft dynamics are complex and three-dimenional (3D).
Dilatation, axial, transverse, and rotational motion of the
aorta occur during the cardiac cycle.4-8 Detailed knowledge
of stent graft dynamics after EVAR is indispensable to
continue improving stent graft design and (preclinical)
testing.
Currently cinematographic (cine-) computed tomog-
raphy (CT) and magnetic resonance imaging (MRI) are
used to study stent graft dynamics during the cardiac cy-
cle.4-6 The most important disadvantage of these modali-
ties is that reconstructions are limited to a single, two-
dimensional (2D) plane, making 3-D motion analysis
impossible.9
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doi:10.1016/j.jvs.2009.03.044Recently, an experimental study demonstrated that flu-
oroscopic Roentgen stereophotogrammetric analysis (FRSA)
is able to accurately and precisely quantify real time 3D dy-
namics of stent grafts during the cardiac cycle with a mean
measurement error of 0.003  0.019 mm.10 FRSA is a
combination of a stereo fluoroscopic imaging and the vali-
dated method of Roentgen stereophotogrammetric analy-
sis.11-18 The technique is painless, completely non-invasive,
does not require intravascular contrast, and has a radiation
exposure of approximately only 0.1 mSv for a 3-second
study, which corresponds to four cardiac cycles at a heart
rate of 80 beats per minute (bpm).10
In this study, we have applied FRSA to quantify real time
3D dynamic motion of stent grafts in patients after EVAR.
CASE REPORT
A digital bi-plane fluoroscopy set-up, Siemens Axiom Artis
dBc (Siemens AG, Erlangen, Germany), was calibrated as de-
scribed previously.10 Stereo images were acquired of a patient after
thoracic EVAR and of a patient after abdominal EVAR. The first
patient was a 57-year-old male treated with a Zenith TX2 thoracic
stent graft device (diameter: 34 mm, Cook, Bjaeverskov, Den-
mark) for symptomatic type-B aortic dissection. The second pa-
tient was a 75-year-old male with an abdominal aortic aneurysm
treated with a Zenith stent graft (proximal graft diameter: 28 mm,
Cook). The images were acquired and stored in 1024  1024
pixels, 14 bits grey scale resolution (Figs 1 and 2). The frame rate
was 30 stereo images per second. A 1.5-second run (45 stereo
images) was analyzed. The pulse rate of the thoracic EVAR patient
was 100/minute, which corresponds to 2.5 cardiac cycles during
the 1.5-second image acquisition run. The pulse rate of the ab-
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cardiac cycles per 1.5 seconds.
Stent graft motion was measured during the cardiac cycle
with respiratory arrest. Additionally, stent graft motion due to
respiratory action was measured in the patient after abdominal
EVAR. The study was approved by our institution’s ethics
review committee.
Images were analyzed using a customized version of software
Fig 1. A, Lateral and (B) posterior-anterior fluoroscop
points and fabric markers are visible on the top stent.
Fig 2. A, Lateral and (B) posterior-anterior fluoroscopi
points and fabric markers are visible on the top stent.for Roentgen stereophotogrammetric analysis (MB-RSA v 3.2,MEDIS specials BV, Leiden, The Netherlands) to calculate the
relative 3-Dmarker positions in space.10-16 The positive X-axis was
oriented in caudal direction, the positive Y-axis in lateral direction
towards the right side of the patient, and the Z-axis in dorsal
direction.
The welding points of the hooks to the top stent of the stent
graft and the gold markers designating the upper edge of the
fabric of the graft were used as markers for 3-D motion analysis
ages of the thoracic stent. The spherical shaped welding
es of the abdominal stent. The spherical shaped weldingic imc imag(Figs 1-3).
d as
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markers was used to quantify 3D motion of the aorta – stent graft.
A cylindrical shape was fitted through the cranial markers in every
stereo image to measure stent graft diameter change. Rotation and
translation of the stent around and along the longitudinal stent axis
were assessed. Data analysis was performed using Matlab r2006B
(The MathWorks, Natick, Mass).
RESULTS
Thoracic stent graft dynamics. Fig 3 shows a 3-D
representation of the stent markers as reconstructed by the
FRSA software. Fig 4 shows the dynamics of a single marker
during the cardiac cycle. Fig 5 shows a breakdown of all
marker motions in X, Y, and Z direction, relative to their
positions at t  0.3, the start of the systole. Direction and
quantity of motion of the markers relative to each other
shows that the graft dilates by the fact that the lines do not
overlap and the pattern with which the dilatation takes
place. As an internal control, the reproducibility of FRSA is
demonstrated by the fact that in Fig 5 the markers return to
their starting point before the start of the next systole,
represented by the crossing of the lines at t  0,3 seconds,
t  0,9 seconds, and t  1,4 seconds.
The dynamics of the center of mass of all markers are
Fig 3. Overview of the stereo reconstruction of the t
reconstruction of the stereo image and the Roentgen foc
of the stent graft markers. Left, Close-up of the 3D rec
the welding points of the hooks to the top-stent, and the
the fabric of the fabric. Upper right, Close-up of the im
welding points; the yellow markers designate the gold m
the hook to the stent graft. These welding points are usedisplayed in Fig 6, showing cyclic motion of the stent in alldirections. The thoracic stent graft showed a motion pat-
tern of stent dilatation and a center of mass motion of the
top stent in caudal-ventral right-hand side direction relative
to the patient, followed by an over-compensation in oppo-
site lateral and cranial direction and a gradual return to the
starting position with reduction of the diameter of the
graft. This means that at the start of the systole, the stent
graft moves toward the heart. This is probably due to
contraction of the left ventricle. The maximum transla-
tional motions of the center of mass of the stent in X-, Y-,
and Z-direction were 2.3 mm, 2.5 mm, and 1.9 mm,
respectively. A cylinder was fitted through the cranial mark-
ers of the stent graft. The average distance from themarkers
to this cylinder was 0.14mm. The cyclic diameter change of
the cylinder, between 27.9mm and 28.7mm, is also shown
in Fig 6. The rotational motion of the top stent was 3.5°
around its longitudinal axis. The stent motion along its
long axis was 2.9 mm per cycle.
Abdominal stent graft dynamics. Three-dimensional
cyclic motion of the stent graft was observed. Fig 2 shows
the lateral and posterior-anterior images of a stereo image
of the graft. Fig 7 shows the cyclic change of position of the
center of mass of the top stent. The maximum translational
motions of the center of mass of the stent in X-, Y-, and
ic stent graft device. Center, Three-dimensional (3D)
e bi-plane set-up. The crossing lines reflect the position
ucted markers, the red markers are reconstructed from
markers represent the goldmarkers at the upper edge of
ith the detected markers, the red markers designate the
s. Lower right, Close-up of a single welding point of
markers to generate the 3D stent graft image.horac
i of th
onstr
green
age w
arkerZ-direction were 1.2 mm, 1.0 mm, and 1.5 mm, respec-
track
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der that was fitted through the markers was 0.26 mm. The
diameter change of the cylinder was between 22.8 mm and
23.5 mm (Fig 7). The rotational motion of the top stent
was 1.1° around its longitudinal axis. The stent motion
along its long axis was 1.6 mm per cycle.
As a result of respiratory action, the maximum transla-
tional motions of the top stent in X-, Y-, and Z-direction
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Fig 5. Motion of all thoracic stent markers relative to their first
positions; break down in X, Y, and Z direction. Note that the
markers have different motion patterns as a result of the deforma-
tion of the stent.were 5.8 mm, 1.5 mm, and 2.4 mm, respectively.DISCUSSION
This study clearly demonstrates that FRSA is a clinically
feasible, non-invasive tool to quantify real time 3-D stent
graft dynamics after EVAR in detail. For the first time,
quantification of 3-D motion including rotational dynam-
ics is possible.
The results demonstrate that standard markers used for
positioning of the graft during EVAR can easily be used for
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Fig 6. Thoracic stent motion (X, Y, and Zmotion of the center of
mass of the top-stent and the change in diameter of the cylinder
fitted through the stent markers).−5
 (mm)
tent MFRSA, as well as welding points of the hooks to the top
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pattern recognition of the stent graft could be used to
facilitate measurements without the need for markers.
These aspects of FRSA are subject to further evaluation at
our institutions. In contrast to standard Roentgen stereo-
photogrammetric analysis used to detect graft migration
during long-term follow-up with comparison of multiple
investigations over time,12,17,18 additional markers in the
wall of the aorta are not required to perform dynamic
measurements with FRSA.
Contrary to cine-CT and cine-MRI, there are no limi-
tations to FRSA in terms of direction of motion, type of
motion, or type of metal of the stent graft, duration of
image acquisition, or electrocardiogram (ECG) changes.
Furthermore, no intravascular contrast is required. Motion
analysis with cine-CT and cine-MRI is limited to a single
(2D) plane due to the reconstruction of the images.9 Out-
of-plane motion cannot be quantified and complex 3D
motion can only be interpreted semi-quantitatively by an-
alyzing different image planes. Moreover, rotational mo-
tion cannot be quantified at all. In addition, the spatial
resolution of these techniques is limited6 and their accuracy
and reproducibility have not been validated. Because FRSA
uses direct 3D reconstruction of the images, the listed
limitations do not apply to this technique. Another disad-
vantage of cine-CT and cine-MRI is that both require
intravascular contrast. Difficulties with ECG reconstruc-
tion, as is required with these techniques, can occur in
patients without sinus rhythm. The resulting CT or MRI
image is a compilation of several cardiac cycles, resulting in
a “time average” dynamic image, rather than an actual “real
time” view of the stent graft motion. Contrary to cine-CT
and cine-MRI, FRSA does not require ECG reconstruction
because it uses real time images to quantify 3D motion.
Therefore, there are no technical time constraints or diffi-
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Fig 7. Abdominal stent motion (X, Y, and Zmotion of the center
of mass of the top-stent and the change in diameter of the cylinder
fitted through the stent markers).culties with ECG abnormalities with this technique. Fi-nally, there are inherent technique-specific disadvantages
such as a high radiation dose in cine-CT and the limitations
in imaging stainless steel stent grafts in cine-MRI.
Currently, the only limitations of FRSA are that the
field of view is limited by the detector size and that specif-
ically identifiable markers are required to detect stent graft
position in consecutive images. We could visualize up to
eight stents of the thoracic or abdominal graft in one view
(Figs 1 and 2) with the standard size digital detectors used
for cardiac imaging. Larger detectors are commercially
available and could enable imaging of the full length of
longer grafts.
Observations from this pilot study showed that the
thoracic stent graft had a 3D motion pattern of stent
dilatation and a center of mass motion. If the dynamics of
this thoracic stent graft are assessed in a single reconstruc-
tion plane, as is the case with cine-CT or cine-MRI, the
initial segment of the aorta as viewed in the first recon-
structed image would be out of the reconstruction plane
almost all the time. Only at the end of the diastole will it
return to the initial position in the image reconstruction
plane. As a result of this out of plane motion, dynamics of
conically shaped stent grafts or change of stent graft angu-
lation during cyclic motion can result in false measurements
of shape or diameter change. Therefore, FRSA is much
more powerful than current cinematographic imaging us-
ing cine-CT and cine-MRI as it enables quantification of
the true changes of 3D stent graft position and configura-
tion. Different pathologies, dissection, or aneurysmal dis-
ease, altering blood viscosity, and changes in blood pres-
sure may influence stent graft motion and, therefore, future
results may yield different motion patterns, and are of
interest during further studies. However, they will not
influence data analysis since distinct metal markers are used
for this purpose.
We found a significant motion of the abdominal stent
graft due to respiratory action of almost 6 mm in caudal
direction. When using plain abdominal radiography to
detect long-term stent graft migration, the dynamics due to
respiratory action could result in under- or over-reporting
of migration in individual cases due to the change of
position of the stent graft as compared to the reference
point, the vertebral column.
We plan to expand FRSA imaging and motion analysis
to different stent grafts and larger cohorts, as well as re-
peated imaging over time to study changes in motion
pattern. The relative position change of the different stents
of the stent graft can also be measured. This way, angula-
tion change and stent graft torsion can be determined.
CONCLUSION
FRSA is the first clinically feasible tool to quantify real
time 3D stent graft dynamics after EVAR. Because quanti-
fication of 3D motion was not available until now, FRSA
can provide crucial information of the continuous forces
that are exerted in all directions on stent grafts. Thus, it will
provide essential information for further improvements in
stent graft design.
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